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We analyze numerically the radiation and channeling properties of ul-
trarelativistic electrons and positrons propagating through a periodically
bent diamond crystal grown on a straight single-crystal diamond substrate.
Such systems can be called hetero-crystals and they are one of the experi-
mentally realized samples for the implementation of crystalline undulators.
We state that in such systems the channeling and radiation properties of
projectiles are sensitive to the projectile particles energy and the beam
propagation direction, i.e. on whether the beam of particles enters the
crystal from the side of substrate or from the side of periodically bent
crystal. The predictions made are important for design and practical re-
alization of new crystalline undulators.
I. INTRODUCTION
It was predicted by Lindhard1 that charged
particles can penetrate anomalously large dis-
tances in a crystal moving along a crystallo-
graphic direction. This effect is called chan-
neling. The channeled particles emit radia-
tion (channeling radiation, ChR2) which by
orders of magnitude exceeds the background
bremsstrahlung radiation.
In recent years, study of the channeling
phenomenon has attracted much attention.
A significant number of theoretical3–16 and
experimental17–26 studies have been carried out
in order to determine the channeling parame-
ters and radiation spectra which arise in differ-
ent systems.
It was predicted in Refs.27,28 that additional
radiation appears in periodically bent crystals
(PBC). The radiation is emitted when the beam
of ultra-relativistic particles undergoes planar
channeling in PBC, such systems are called in
literature29 crystalline undulators (CU). The
a)Electronic mail: a.pavlov@physics.spbstu.ru
b)On leave from Ioffe Physical-Technical Institute, St.
Petersburg, Russia.
periodic bending of the atomic planes gives rise
to strong, undulator-type CU radiation (CUR)
in the photon energy range 0.1 – 10 MeV. Light
sources with this photon energy can be used
in various new experimental and technological
applications16,30–33.
In recent years, several experiments have
been performed aiming at detecting CUR.
One of the most studied system is a strained
Si1−xGex superlattices. Periodically bent
planes can be obtained by variation of the Ge
concentration x. Such crystals has been grown
by the method of molecular beam epitaxy at
Aarhus University. This PBC can be manu-
factured with undulator wavelength λu much
longer than channeling oscillations wavelength
of the particles, these are often called LALP
undulators (large-amplitude-long-period undu-
lators). Such crystal, 4-period undulator with
λu = 9.9µm, was examined experimentally at
MAinzer MIcrotron (MAMI), a broad excess
yield around the theoretically expected photon
energy of 0.132 MeV has been observed34. An-
other type of PB structures is SASP (small-
amplitude-short-period)9,14. Where regular
jitter-type modulations of the projectile mo-
tion with the period shorter than the period
of the channeling oscillations produces radia-
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2FIG. 1. (a) Sketch of the crystal geometry. The diamond single crystal is cut with its surface perpendicular
to the [100] direction. In order to achieve the planar channeling regime between (110) planes, the crystal is
tilted under 45◦. The crystal consists of two main parts: the single-crystal substrate with a thickness of 141
µm and the 4 periods of PBC with total thickness 20 µm. Top figure illustrates case of positron channeling
in PB-S crystal and bottom figure case of electron channeling in S-PB crystal. (b) shows the 2D projection
of exemplary trajectory of positron channeled through the whole PB-S crystal (see explanation in the text).
(c) shows the 2D projection of exemplary trajectory of electron propagated in S-PB crystal. Note: several
channeling and dechanneling segments, dechanneled electron leaves the borders of the figure between 130
and 150 µm. Gradient shading shows the boron concentration witch results in PB of crystalline planes.
tion at the energies exceeding the energies of
the channeling peaks. The experiments with
such systems include ones at MAMI with 4 µm
thick, 10 period crystals with 600 and 855 MeV
electrons26 and experiments at SLAC acceler-
ator laboratory with 37 µm, 120 undulations
crystal with 16 GeV electron beam35.
Another practically realized type of CU
doped diamond superlattices36. The doped su-
perlattice consists of layers of differently doped
materials. Boron and nitrogen are soluble in
diamond. Both impurities lead to a lattice di-
latation, as the local lattice is expanded around
the impurity37. Generally, higher concentration
of boron than nitrogen can be achieved before
extended defects are introduced38. Using boron
as dopand, it is also possible to achieve delta
doping, where the change from doped to intrin-
sic material can be made with nanometric pre-
cision. The channeling and radiation proper-
ties of electrons and positrons with energy 270
- 855 MeV in diamond based CU was theoret-
ically previously examined in Refs.4,5. Unfor-
tunately, unlike Si1−xGex superlattices boron
doped diamond superlattices are impossible to
obtain without straight/unstrained substrate
(SC). In this work we theoretically predict the
channeling and radiation properties of diamond
based PBC grown on the straight crystalline
substrate. This systems can be called hetero-
crystals. In a hetero-crystal new effects can
arise on the interface between straight and PB
segments of a crystal. In what follows these ef-
fects as well effects connected to propagation
direction in the crystal are discussed.
The schematic geometry of the system simu-
lated is depicted in Figure 1 (a). There are two
possible propagation directions in such hetero-
crystals (see Figure 1 (b), (c)). Despite the fact
that we consider propagation of electrons and
positrons in both directions, only positron (Fig-
ure 1 (b)) and electron (Figure 1 (c)) trajectory
are shown for simplicity. When a beam of the
particles firstly propagate trough the PB seg-
ment and then through the straight segment of
the crystal, later in the text this case (direction)
will be named as “PB-S crystal”. The opposite
case, when a beam firstly propagates through
the straight part and then through the PB part
is named later as “S-PB crystal”.
The hetero-crystal consists of boron doped
PB segment and straight substrate. The total
3thickness of the crystal in the projection onto
the direction of beam propagation is Lcr = 161
µm, see Figure 1 (a). Where 20 µm is the thick-
ness of the PBC and 141 µm is the thickness of
the straight substrate. The cosine bending pro-
file a cos(2piz/λu) of the PB part was assumed
with coordinate z measured along the beam di-
rection. The bending amplitude a was consid-
ered equal to 2.5 A˚, the bending period λu was
fixed at 5 µm. The lattice temperature was set
to 300K. This results in bulk atoms oscillations
with mean amplitude 0.04 A˚.
The beam parameters were chosen to be in
line with experimental conditions for electrons
at MAMI17,34,39, similar experimental condi-
tions are achievable for positrons at DAΦNE
acceleration facility40. Thus, we simulated the
planar channeling of ε = 270 and 855 MeV
of electrons and positrons in oriented diamond
hetero-crystals. The projectiles were assumed
to have zero transverse velocity at the entrance
of the crystal, hence the beam of particles has
zero divergence.
Particles which propagate in a straight crys-
tal can experience quasi-periodic oscillations in
the potential of atomic plane or axis. Such os-
cillations are called channeling oscillations. A
particle, which is channeling in the PBC, are
involved in two types of quasi-periodic motions:
the channeling oscillations and oscillations due
to periodic bending of the channel. Spectral dis-
tribution of the radiation emitted in that case
consists of a set of harmonics, for each value of
the emission angle θ the spectral distribution
consists of a set of narrow and equally spaced
peaks. For each particle trajectory spectral dis-
tribution of electromagnetic radiation was cal-
culated within the opening angle θ0 = 0.24
mrad, which corresponds to one of the detec-
tor apertures used at MAMI34. The total radi-
ation spectra were considered as averaging over
all (N = 6000) simulated trajectories.
Numerical modeling of the channeling pro-
cesses in the crystalline environment was
performed using MBN Explorer computa-
tional software41. By means of its chan-
neling module42 it is possible to simulate
motion of ultra-relativistic particles in dif-
ferent environments, including the crystalline
ones. This computational package was
benchmarked previously for variety of ultra-
relativistic projectiles and different crystalline
environments7–9,29,42,43. The method of all-
atom relativistic molecular dynamics is de-
scribed in great details in Refs.7,42. Using this
software in combination with advanced com-
putational facilities it is possible to calculate
significant number of projectiles trajectories to
analyse. The software also allows one to calcu-
late the radiation distributions dE/~dω for each
projectile trajectory using the quasi-classical
formalism due to Baier and Katkov44. All this
allows one to numerically analyze the channel-
ing, radiation and related phenomena of ultra-
relativistic particles in various media, while the
accuracy of the predictions made can be com-
pared with that in the experiments.
II. RESULTS AND DISCUSSION FOR
POSITRONS
Let us now analyze the case of positron chan-
neling in hetero-crystals. In the planar chan-
neling regime, a charged projectile moves along
a crystallographic planes experiencing a collec-
tive electrostatic field of the lattice atoms1. For
positrons, the atomic field is repulsive, so that
the particle channels in between two adjacent
crystalline planes. In this case, nearly harmonic
channeling oscillations give rise to narrow pho-
ton emission lines.
Figure 2 presents the spectra calculated for
the 270 and 855 MeV projectiles. The spectra
consist of two main parts: the CUR (peak at
lower energies) and ChR (peak at higher ener-
gies). The CUR radiation emits from the PB
segment while the ChR can be generated in the
PB and straight segments of the crystal.
Figure 2 (a) shows the results for 270 MeV
positrons. The spectra are dominated by peak
of ChR (strong peak at ~ω ≈ 0.7 MeV), CUR
reveals itself as a small bump (note the insert in
Figure 2 (a)) in low energetic part of the spectra
(~ω ≈ 0.13 MeV). It is easy to notice that for
ε = 270 MeV electrons the spectral densities of
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FIG. 2. Radiation emission spectra produced by
ε = 270 and 855 MeV positrons in Lcr = 161 µm
diamond(110) hetero-crystals. The collection angle
was set to θ0 = 0.24 mrad. (a) Spectra by 270 MeV
positrons propagated in PB-S and S-PB crystals.
(the inset shows the ×6 magnified CUR peak) (b)
same as (a) but for 855 MeV positrons. Shading in-
dicates the statistical error due to the finite number
of simulated trajectories. For the sake of compari-
son we quote the intensities of the background inco-
herent bremsstrahlung estimated within the Bethe-
Heitler approximation: 2.9 × 10−6 and 2.5 × 10−5
for ε =270 and 855 MeV, respectively.
CUR and ChR for PB-S and S-PB crystals are
deviate within margin of statistical error.
For 855 MeV positrons spectra are shown in
Figure 2 (b). The spectra consist of two main
peaks: the peak of CUR around ~ω ≈ 1.1 MeV
and the peak of ChR around ~ω ≈ 3.6 MeV.
One can notice small bumps around ~ω ≈ 2.2
MeV and ~ω ≈ 7.2 MeV which is second har-
monics of CUR and ChR respectively. As well
as for ε = 270 MeV positrons intensities of CUR
are the for two types of crystal, but spectral
densities of ChR in S-PB is ≈ 2 times large than
this in PB-S. In case of 855 MeV positrons the
difference in the intensities between CUR and
ChR should be even less pronounced in the ex-
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FIG. 3. 2D projections of several exemplary tra-
jectories of ε = 855 MeV positron propagated in
Lcr = 161 µm diamond hetero-crystal. (a) trajec-
tories of positrons which propagate in PB-S crystal
To highlight the processes which occur on the in-
terface between PBC and SC the trajectories was
zoomed into the window with z = 0 – 25 µm. (b)
same as (a), but in S-PB crystal, the zoom window
is set to 136 – 161 µm. The vertical black lines
in (a) and (b) indicate the position of interface be-
tween PB and straight segments of the crystal, 20
µm and 141 µm correspondingly.
periments, where usually, not the spectral den-
sity dE/~dw is measured, but the number of
photons (1/~dω)dE/~dω with certain energy.
In order to analyze difference in the radiation
spectra, let us plot the trajectories of positrons.
Figure 3 presents the exemplary trajectories of
855 MeV positrons. Figure 3(a) shows parts
of the trajectories of positrons which channels
in PB-S crystals. In that case positrons firstly
enter through the PB crystal and than pene-
trate through the interface to the SC. For ε =
855 MeV positrons the amplitude of channel-
ing oscillations is strongly suppressed, since the
potential barrier is reduced due to centrifugal
force4,5. This also results in strong suppression
of ChR for high energetic particles in PB dia-
mond crystals. Because of that, the positrons
which are propagating in the PBC experience
strong dechanneling in the parts of the crystal
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FIG. 4. Fraction of channeling positrons in Lcr = 161 µm diamond(110) hetero-crystals. (a) primary
fractions of the particles for ε = 270 MeV positrons, (b) fractions with account of the re-channeling for
positrons with energy ε = 270 MeV, (c) - (d) same as (a) - (b) but for positrons with energy ε = 855 MeV
with large curvature of its planes where the cen-
trifugal force acting on the channeled positron
is maximal. However, the opposite process, re-
channleing, can occur in the segments of the
crystal with small curvature. Re-channeling
results in effective increase in total channel-
ing length of the particles. Positrons, which
are captured to the channel in PB segment
then penetrate to the straight segment without
dechanneling. Propagating through the inter-
face they retain the amplitude of their channel-
ing oscillations.
In opposite situation when the positrons
propagate in S-PB crystal (Figure 3 (b)) they
first come through the straight segment and
then penetrate to the PB segment. However,
positrons can channel in the straight segment
with transverse energies higher than in the PB
segment. This results in higher amplitude of
channeling oscillations in straight segment. As
a result strong dechanneling occurs on the in-
terface between the straight and PB segments
of the crystal (Note: the dechanneling in the re-
gion between 140 and 145 µm in Figure 3 (b)).
To illustrate the channeling properties of
positrons, we plot (Figure 4) the dependence of
primary fraction and fraction of channeled par-
ticles with account of re-channeling as a func-
tions of penetration distance z. These depen-
dencies can be used to analyse the intensities
of CUR and ChR in PB-S and S-PB crystals.
Since, the intensity of radiation due to peri-
odic motion is proportional to the number of
particles participating in quasi periodic motion
and square of the amplitude of corresponding
oscillation4,5.
For ε = 270 MeV positrons the dependencies
of primary fraction, Figure 4 (a), and fraction
with account of re-channeling Figure 4 (b) are
almost identical for both types of crystal. The
acceptance in case of S-PB crystal is higher than
for PB-S crystal, due to the centrifugal. Since,
the amplitude of the periodic bending a is equal
for both types of crystal and the number of par-
ticle involved in the channeling motion in PB
parts of the crystals are approximately same the
intensity of CUR should be the same (see Figure
2). Same is true for the intensity of ChR. The
centrifugal force is small and as result, change
in channeling amplitudes is also small4. Thus
the number of channeled particles in PB-S and
S-PB crystals are comparable.
For ε = 855 MeV the situation is different,
due to the increase of the centrifugal force in
6the PB parts of the crystals the number of par-
ticles involved into the channeling motion drops
as well as alternates the amplitude of channeling
oscillations. The primary fraction of positrons
in PB-S crystal decrease steadily drops every
time particles propagate through the segments
of the crystal with high curvature (note the
step-like dependence in first 20 µm in Figure
4 (c)). However, in the straight segment of the
crystal this dependence remains constant, since
the centrifugal force caused by the crystal bend-
ing is absent in the straight segment of the crys-
tal. Account for re-channeling gives rise to os-
cillations of the number of channeled particles
in PB segment and the rise of number of chan-
neling particles in straight segment.
For ε = 855 MeV positrons propagating be-
havior of the dependencies is different. In the
case of S-PB crystal the value of acceptance is
higher and no significant re-channeling occurs
in the straight part of the crystal. However,
the drastic drop in number of primary particles
appears at the interface. This happens due to
appearance of the centrifugal force in the PB
part of the crystal. The number of channeling
particles with account of re-channeling become
approximately equal to the number of particles
in the channeling regime in case of PB-S crystal
(see Figure 4 (d)).
As a result of such behavior of channeled
positrons, the intensity of CUR are approxi-
mately same. But, the intensity of ChR for the
PB-S crystal should be about 2 times smaller
than for the S-PB crystal (see Figure 2 (b)).
To conclude, two main effects are observed
for positrons in two types of crystals: 1. For
the two cases considered ChR intensities are
same within margin of errors for ε = 270 MeV
and differs at least two times for ε = 855 MeV
positrons. 2. CUR intensities are the same for
both types of crystals. They can be explained
by the presence of the centrifugal force in the
PB segments of the crystal.
III. RESULTS AND DISCUSSION FOR
ELECTRONS
Let us now return to the analysis of elec-
tron channeling in hetero-crystals. Electrons, in
contrast to positrons, move around crystalline
chains. This results in increase of the number of
hard collisions with bulk constituents and thus
the dechanneling/re-channeling rates.
The anharmonicity of the interaction poten-
tial between ultra-relativistic electrons and lat-
tice atoms results in significant broadening of
the peaks. The examples of the spectra are
shown in Figure 5.
In Figure 5(a) the results for ε = 270 MeV
electrons are presented. For the given electron
energy the intensities of ChR for the two ge-
ometries coincide within the margin of statis-
tical error. For PB-S crystal the small bump
corresponding to the CUR arises in the radia-
tion spectra around ~ω ≈ 0.13 MeV. In the case
of S-PB crystal this peak is nearly absent.
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FIG. 5. Same as Figure 2 but in case of electrons.
For ε = 855 MeV electrons the intensities
of ChR differ approximately ≈ 1.5 times. The
CUR radiation for 855 MeV electrons in the PB-
7S crystal reveals itself as a peak at the photon
energy ~ω ≈ 0.7 This peak is much more pro-
nounced ε = 855 MeV electrons than for 270
MeV and nearly absent for S-PB crystal.
In order to understand these behaviors, one
can plot the dependencies of fraction of ac-
cepted electrons (Figures 6) (a), (c)) and frac-
tion of electrons with account of re-channeling
(Figures 6 (b), (d)) upon the penetration dis-
tance. As for positrons, the value of Np/N at
(z = 0) corresponds to the acceptance value.
For PB-S the acceptance is determined by the
PB part of the crystal. Thus it is reduced by
by the presence of the centrifugal force. For the
S-PB crystal the acceptance is the same as in
the straight crystal.
Compared to positrons, electrons have signif-
icantly shorter dechanneling lengths, this leads
to the fact that the number of primary fraction
of channeled electrons practically dies out for
crystal thicknesses greater than 50 µm, both for
PB-S and for S-PB crystals. At both 270 and
855 MeV CUR emission requires a particle to
pass at least one full channel period CU. If chan-
neling length becomes shorter than than half
of CU period photon emission by electrons be-
comes similar to synchrotron radiation. Taking
into account the dynamics of dechanneling/re-
channeling of electrons in PBC8, the main con-
tribution to CUR is produced by particles ac-
cepted into the channeling regime4. This ex-
plains why CUR radiation arises in spectra
mostly in the case of PB-S crystal. Also, it ex-
plains why CUR peak is more pronounced for
855 MeV electrons than for 270 MeV ones.
ChR intensity is proportional to the number
of particles involved in channeling the motion.
The difference in number of channeled electrons
with energy 270 MeV in the two cases (Figure
6 (b)) manifests itself only at the first 20 µm of
the crystals. Beyond this region the difference
is negligible. This results in a small difference in
the ChR intensities for 270 MeV of electrons in
two cases consider which falls within the margin
of error. For ε = 855 MeV the difference in
the number of channeled electrons significant,
leading to a greater difference in spectral ChR
intensities in Figure 5 (b).
To conclude this section let us state: 1. For
the two cases considered ChR intensities are the
same within margin of errors for ε = 270 MeV
and become different for the ε = 855 MeV elec-
trons. 2. CUR vanishes in the case of S-PB
crystals and is present for PB-S crystals. Such
behavior, as for positrons, can be explained by
the centrifugal force acting on the electrons in
the PB segments of the crystals. The manifes-
tation of CUR is also determined by relatively
short dechanneling length of electrons with re-
spect to positrons.
IV. CONCLUSIONS
In summary, the channeling and radiation
phenomena for 270 and 855 MeV positrons and
electrons in oriented diamond hetero-crystals
were simulated by means of all-atom relativistic
molecular dynamics. We predict the radiation
spectra for the two orientations (PB-S and S-
PB) of crystals with respect to the beam. In the
case of positrons the peaks of CUR are clearly
distinguishable from the background and have
comparable intensity with respect to the ChR
peaks. However, in the case of electrons, the
CUR peaks observation over the broad peak of
ChR becomes a challenging task, especially at
low energies. This prediction opens a possibil-
ity for the experimental detection of CUR in the
PB structures grown on a substrate.
One possible way to analyse experimental
data for such systems is to measure the radi-
ation spectra for particles propagating in PB-S
and S-PB crystals and analyse their ratio. An
example of such analysis is shown in Figure 7.
In this case not only the enhancement of radia-
tion in the CUR desired region, but als the dif-
ference in channeling radiation intensities can
be a fingerprint of the PB segment inside the
crystal.
Finally, the analysis performed demonstrates
that usage of PBC with a straight substrate
does not provide advantages for the CUR pro-
duction. However, in the cases when a high-
quality PB crystals can only be produced as
segments of hetero-crystals practical realization
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FIG. 6. Same as Figure 4 but in case of electrons.
of CUs based on such crystal with high qual-
ity positron beams is a feasible task. Electron
beams can be used for probing the quality of
PB segments of hetero-crystals.
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